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Introduction
A sustainable hydrogen economy demands a clean and renewable method for the production of hydrogen gas (H 2 ). Electrolytic water-splitting, H 2 O(l) −− −− H 2 (g) + 1 2 O 2 (g), has been presented as an attractive candidate fulfilling these requirements 1 . When coupled with sustainable energy production, such as solar and wind power, hydrogen could be produced with minimal emissions and in addition function as an energy storage material, smoothing out the intermittency of the renewable resources 2, 3 . However, the need of precious platinum group metals (PGM) for the efficient catalysis of the electrochemical half-reactions poses challenges for the large-scale implementation of the electrolytic H 2 -production 4 . For now, platinum remains the superior electrocatalyst for the hydrogen evolution reaction (HER, 2 H + (aq) + 2 e -−− −− H 2 (g)), i.e. the cathodic half-reaction of water-splitting, although extensive research to develop cheaper, yet as effective, See DOI: 10.1039/b000000x/ alternatives from earth-abundant elements has yielded some very promising results 5 .
In particular, the group of molybdenum disulfide-based HERelectrocatalysts have presented themselves as interesting and competitive low-cost alternatives to Pt [6] [7] [8] . Widespread attempts to optimize and understand the electrocatalytic properties of the material have been initiated by virtue of the early work of Hinnemann et al. 6 , which initially by both computational and experimental methods demonstrated the potential of MoS 2 as an HER catalyst. The activity of the thermodynamically most stable 2H-MoS 2 polytype with trigonal prismatic D 3h coordination 9 has thus been identified to stem from sites located at the sulfur-terminated (1010) Mo-and (1010) S-edges, while the preferentially exposed (0001) basal plane has been deemed as catalytically inert 6, [10] [11] [12] [13] . As such, recent studies have concentrated on the optimization of the material to yield nanostructured configurations with high edge-to-bulk ratios [14] [15] [16] , as well as preferential tuning of the electronic structure by transition metal doping (PGMs, Co, Ni) and defect-engineering to yield more active sites and also improve the catalytic characteristics of the basal plane [17] [18] [19] [20] [21] . Further, maximization of the electron transfer kinetics has been attempted by improving the conductivity of the catalyst through utilization of metallic phases 22 (1T-MoS 2 , octahedral O h coordination 23 ) and conductive support materials, such as graphene and carbon nanotubes 17, 24 .
Computational studies using density functional theory (DFT) are widely utilized as a complementary method in the experimental search of new potential HER-electrocatalysts 6, 13, [25] [26] [27] [28] [29] [30] [31] [32] [33] . DFT provides means by which to model the electrocatalytically relevant systems at an atomic level and gain detailed insight into the trends and mechanism behind the activity of materials. Generally, a descriptor based approach using the Gibbs free energy of adsorption (∆G H ) is employed when an efficient evaluation of the catalytic activity is desired 34 . According to the Sabatier principle of heterogeneous catalysis, one of the criteria for optimal activity is a thermoneutral ∆G H -value, i.e. ∆G H ≈ 0 eV, as very negative values indicate too strong adsorption which hinders the desorption of products and poisons the catalyst. Conversely, high positive values is a sign of too weak adsorption and thus limited activation and electron transfer kinetics 35 . As a reference, reported ∆G H -values for Pt and MoS 2 basal plane are on the order of −0.1 eV 25,36 and 1.9 eV 18,28 , respectively.
In the present article, we report a systematical study of the hydrogen adsorption characteristics of multilayer 2H-MoS 2 edges (Mo-edge, S-edge) as well as of pristine and sulfur deficient, i.e. vacancy containing, basal planes. The main emphasis is on trends observed as a function of varying hydrogen-and sulfur-coverages (θ H , θ S ). The Mo-and S-edges with varying sulfur-coverages have a considerable amount of structural degrees of freedom for hydrogen adsorption sites, especially if one aims at a systematic study of adsorption energetics as a function of hydrogen coverage. As searching through this geometrical space without any additional constraints would be computationally too demanding, we perform our calculations by coarse-graining the geometrical search space by using for hydrogen a set of plausible local adsorption sites (such as on-top, bridge, hollow, see Section 2.2). This way, the geometrical degrees of freedom can be effectively studied and systematic results are obtained as a function of hydrogen coverage. The particular benefit of this method is that it gives direct access to the role and energetics of the different potential local hydrogen adsorption sites.
We have chosen to resolve the characteristics of adsorption as a function of θ H in contrast to commonly employed single-hydrogen adsorption, as there have been indications that the strength of adsorption is greatly affected by the total H-saturation of the surface 28 . By including θ S and the adsorption site as additional variables, we strive for a comprehensive atomistic picture of the structure-property relations of H-adsorption on the various plausible 2H-MoS 2 surfaces. Additionally, the employed multilayer 3D-periodic approach provides new insight into the behavior of stacked MoS 2 -edges, in contrast to the previously much reported semi-infinite 1D stripe model 13, 28, 32, [37] [38] [39] [40] .
As such, this article conveys an exceptionally broad and systematical analysis of the inherent catalytic activity of MoS 2 with respect to HER. Indeed, the performed DFT-calculations show that of the many possible adsorption sites on the MoS 2 -edges only a few exhibit catalytically preferential ∆G H -values. The specific activities are further observed to depend heavily on the S-coverage, suggesting that not only the high relative abundance of edges in the prepared catalyst is enough for superior performance, but that the degree of S-saturation and the arrangement of the terminating S-atoms are equally important factors that need to be considered. Finally, it is concluded that a local activation of the 2H-MoS 2 basal plane is possible via vacancy inducing. Adsorption at the formed hollow sites is observed to be consistently thermoneutral in nature, thus suggesting optimal HER-performance. This finding is further supported by previous studies 18, 21, 33 .
Methods

Computational details
All of the DFT-calculations in this work were conducted using the CP2K/Quickstep quantum chemistry package 41, 42 . The hybrid Gaussian and plane waves method (GPW) was used with a plane wave energy cutoff of 550 Ry. The generalized gradient approximation (GGA) was applied using with the PerdewBurke-Ernzerhof exchange-correlation functional 43 (PBE). The van der Waals dispersion interactions were taken into account by invoking the DFT-D3(BJ) method by Grimme et al. with Becke-Johnson damping 44, 45 . The Kohn-Sham orbitals of the valence states were expanded in molecularly optimized double-ζ Gaussian basis sets 46 , while the ionic cores were represented by Goedecker-Teter-Hutter (GTH) pseudopotentials [47] [48] [49] . The KohnSham equations were solved using the orbital transformation (OT) 50 method and the DIIS minimizer (Pulay-mixing) 51 . The defined convergence criterion for the energy was 2.7 × 10 −5 eV and the structures were optimized using the Broyden-FletcherGoldfarb-Shanno (BFGS) algorithm [52] [53] [54] [55] until the force on any atom was less than 0.023 eV Å −1 . 3D periodic boundary conditions were employed when solving the Poisson equation of the electrostatic potential.
Structures
Edge configurations
The studied 2H-MoS 2 -edge configurations were constructed in accordance with the systems reported by Lauritsen et al. 56 , along with the same θ S assignment convention, i.e.
where L x and n S denote the edge length in terms of the number of Mo-atoms and the number of terminal S-atoms, respectively. Figure 1 displays the specific structures of the modeled edges as well as the probed adsorption sites. Henceforth, the specific edge-types will be referenced according to the convention "X-θ S ", where X is either Mo or S. The lattice parameters were optimized by generating a set of trial systems with varying Mo-Mo (a), S-S (t) and interlayer separations (c/2), and calculating the respective total energies. Hence, the minimum energy parameters for the 2H-MoS 2 polytype were obtained as a = 3.14 Å, t = 3.15 Å and c/2 = 6.06 Å, respectively ( Figure S1 ). This is in reasonable accordance with experimentally obtained results (a ≈ 3.15 Å, c/2 ≈ 6.15 Å) 19, [57] [58] [59] . The supercells used in the H-adsorption calculations consist of four vertically aligned MoS 2 layers, stacked in the y-direction with 6 × 3 MoS 2 -units in the xz-plane, totaling 72 and 144 Moand S-atoms, respectively. Due to the antiparallell AB-type stacking of 2H-MoS 2 , the edge-surfaces of our configurations consist of alternating Mo-and S-edges, and thus every other layer represents the edge-type under investigation, while the remaining layers are "placeholders", ensuring the proper geometry of the whole system. When studying Mo-edges, the auxiliary S-edges were constructed to have θ S = 100 %, while for S-edges auxiliary Mo-0 was used. The choices of the specific placeholder edges were completely arbitrary and should not affect the final results as the atomic motion of these edges were fully constrained. An example of an optimized edge-configuration with alternating Mo-0 and S-100 edge-terminations is displayed in Figure 2 .
For all edge-configurations, approximately 10 Å of vacuum was added both above and below the slabs in the z-direction, resulting in a total supercell volume of 18.84 × 24.24 × 27.15 Å 3 . Thus, our edge-systems consist of 2D-infinite, three MoS 2 -units thick surface slabs, reoccurring periodically in the z-direction. 
Basal plane
The constructed 2H-MoS 2 basal plane configurations consist of two layers stacked in the z-direction, each containing 6 × 6 MoS 2 -units and thus totaling 72 Mo-atoms and 144 S-atoms ( Figure 3 ). The defined lattice parameters are identical to the edge configurations and the supercell volume is 18.84 × 16.32 × 36.36 Å 3 , including approximately 13 Å vacuum above and below the exposed basal planes along the z-coordinate. The S-deficient configurations were constructed by simply removing a certain amount of surface S-atoms to create either monovacancies (V S ) or divacancies (V S 2 ). The vacancies were positioned such that an as good as uniform distribution was achieved. The sulfur deficiency is denoted by δ S = 1 − θ S , and signifies the fraction of S-atoms that have been removed from the pristine surface. In this context, θ S has been modified to apply for the basal plane by replacing 2L x in equation (1) addition to this δ S , we have studied the S-deficiencies 5.6 % and 11.1 %, respectively corresponding to 2 (1) and 4 (2) monovacancies (divacancies) per simulation cell.
Calculations
Stability estimation
The stability of the investigated 2H-MoS 2 configurations has been assessed by estimating the relative energies of formation per MoS 2 -unit (edges) or per formed vacancy (S-deficient basal planes). This is given by
where E sys is the energy of the investigated system and the reference energy E ref +∆n S E S,ref is defined as the energy of the pristine 2H-MoS 2 basal plane configuration, adjusted to have an equal amount of S-atoms as the target system (number of Mo-atoms is constant throughout the calculations). ∆n S denotes this excess/shortage of S-atoms between the system and the reference, and i = MoS 2 or V S x depending on the considered system. Considering the sulfiding atmosphere used during synthesis, we employed an atomic reference energy for sulfur in accordance with
This choice for the reference energy has also been used by Byskov et al. 37 as well as Bollinger et al. 38 . For a more rigorous analysis of the stability, the variable values of the chemical potential of sulfur can be taken into account as done for example in 60 . Our intention here is to obtain a rough estimate of the stability trends when e.g. increasing the sulfur saturation of a certain edge-type.
Hydrogen adsorption
The hydrogen adsorption characteristics of the studied systems were analyzed by calculating the average free energy of adsorption as a function of θ H and interpreting the results on the basis of the Sabatier principle. The hydrogen coverage is defined by
where n H is the number of adsorbed hydrogen intermediates and n site quantifies the total number of specific adsorption sites on the studied surface to which the adsorption is conducted. The adsorption energy (∆E H ) was calculated according to
where E MoS 2 +nH and E MoS 2 are the energies of the final configuration and the hydrogen-free initial configuration, respectively 61 . The free energy is related to the adsorption energy by
where
are the change in the zero point energy and entropy between the adsorbed state H* and the gas phase H 2 , respectively. The contribution of these terms is assumed to be constant (≈ 0.29 eV), as proposed by Hinnemann et al. 6 (see supplementary information).
The affinity of specific sites towards hydrogen adsorption was probed by constraining the movement of the approaching Hatoms to the vertical z-coordinate, perpendicular to the surface under investigation. For improved convergence, also the auxiliary edges and the bottom layers of the systems were constrained (Figure 5 ). For all system types and adsorption sites, configurations with increasing θ H were constructed and a geometry optimization was conducted within the limits of the employed constraints. The incremental increasing of θ H was realized by uniformly positioning hydrogen atoms above the vacant adsorption sites so that initially every other site was incrementally occupied, and when a coverage of 0.5 ML had been reached, the remaining adjacent sites were filled.
Results
Edge configurations
Adsorption studies
The free energies of hydrogen adsorption on to 2H-MoS 2 edges are generally observed to increase, i.e. the adsorption weakens, as θ H increases ( Figure 6 ). This trend is in good accordance with previously reported results for both pristine and doped 2H-MoS 2 32 , as well as with other transition metal dichalcogenides and phosphides in general 28, 40 .
As we have employed geometry-constrained calculations for the precise probing of specific adsorption sites, we expect our ∆G H -values to take slightly higher values than would be observed in unconstrained calculations. This has to be taken into account when comparing individual ∆G H -values to the literature. However, we will mainly restrict the analysis of the results to the observed trends and relative differences. As Figure 6 suggests, the various adsorption sites and edges exhibit very different affinities towards H-adsorption, thus indicating that only certain sites on certain edge-configurations are responsible for the electrocatalytic activity of 2H-MoS 2 . On the Mo-edge, the bare Mo-0 surface binds hydrogen strongly (∆G H < 0 eV), and of the investigated sites adsorption at the Mo-Mo-bridge is seen to yield the most stable Mo-H bonds. Thus, even though adsorption at the top-site would yield close to thermoneutral adsorption, especially at high θ H , H-adsorption is most likely more prone to occur at the competing Mo-Mo-bridge site, as a larger decrease in energy can thus be achieved. The remaining Mo-edges and sites bind hydrogen more weakly, with the Mo-50 top-(low H-coverage) and bridge 1 -sites (all H-coverages) providing for the most thermoneutral, and thus most promising, adsorption behavior. Adsorption on the other sites/edges is less likely to occur due to very weak adsorbate/adsorbent-interaction.
For the studied sites on the S-edges, mostly weak adsorption is observed. Only adsorption to the top-site on the fully-sulfided S-edge exhibits thermoneutral bonding, especially at intermediate H-coverages. In addition, the S-100 bridge-site shows adsorption relatively close to the thermoneutral limit (∼ 0.3 eV). Adsorption to the other sites/edges is less likely to occur, as is indicated by the very weak Mo-H bonding. The site-specificity of hydrogen adsorption is clearly illustrated by the behavior of ∆G H on the S-100 edge, where the hollow site displays signifi- cantly lower affinity towards hydrogen than the bridge and topsites (∆∆G H ≈ 0.6 . . . 1.0 eV depending on θ H ). The same is seen on the Mo-50 edge for adsorption to the bridge 2 site. For the remaining edges, the differences between sites are more subtle (∆∆G H < 0.5 eV), but still clearly noticeable.
As mentioned, Figure 6 shows that increasing θ H generally weakens the strength of adsorption. This can be understood in simple terms by an increasing repulsion between H-adsorbates. However, as adsorption occurs, the positions of nearby Mo-and S-atoms are in addition perturbed in a way that minimizes the energy of the new adsorbate/adsorbent-system. The rearrangement becomes more hindered as more hydrogen adsorbs due to less degrees of freedom, which destabilizes the system. This provides an additional explanation for the increasing ∆G H and is in agreement with results presented by Tsai et al. 28, 32 . However, the opposite trend where increasing θ H in fact is seen to significantly strengthen the adsorption, was surprisingly observed for the edge/site combinations presented in Figure 7 .
For the Mo-100 (bridge/top) and S-75 (hollow/top) edges, in which this decreasing ∆G H trend was observed, it was seen that the adsorption of hydrogen is coupled with significant surface re- arrangements, mostly affecting the terminal S-atoms. Specifically, common for all cases is the splitting of the dimerized S 2 -bridges, illustrated in Figure 8 . The H-adsorption induced splitting of S 2 -dimers has also been observed by Byskov et al. 37 for Co-doped MoS 2 as well as Bollinger et al. 38 for pristine MoS 2 , while Tsai et al. 39 , has reported similar behavior in the context of 2H-MoS 2 interactions with support materials. They argue that even though the barrier for the splitting is significant (∆E ≈ 0.8 eV), the formation of a strong, singly coordinated S-H bond balances the energy cost and ultimately leads to an overall stabilization of the system. The site-specific H-adsorption on to 2H-MoS 2 edges effectively illustrates the complexity of this type of material. The structural response of the surface is heavily site-and edge-dependent, and hence significantly varying adsorption strengths and trends are observed. Moreover, the S-saturation is seen to play a key role in determining the adsorption characteristics of either edge. Further illustrations of the observed adsorption induced reorganizations are given in the supplementary information ( Figures S2 and S3 ).
Formation energy
In estimating the formation energies (Equation 2) of the edge configurations, all possible permutations containing one certain type of S-edge and Mo-edge (alternatingly stacked as described in Section 2.2) were considered, thus resulting in 9 different multilayer systems. The relative stabilities when compared to the thermodynamically favored basal plane are shown in Table 1 .
All modeled edge structures are seen to be less stable than the basal plane (∆E f > 0), which is in accordance with the general consensus. Further, it is seen that increasing θ S of both edges results in stabilization of the systems. The S-coverage of the Moedge is observed to greatly influence the overall stability when θ S (Mo) ≤ 50 %, but at higher values the stability is approximately constant for a fixed θ S (S). Increasing the S-saturation of the Sedge on the other hand shows a decreasing trend in ∆E f in the whole studied θ S -interval, however the relative differences are Table 1 Relative energies of formation of the modeled edge structures (θ H = 0), normalized per MoS 2 unit. The 2H-MoS 2 basal plane is taken as the reference system (∆E f ≡ 0 eV, Mo 72 S 144 ). All studied supercells contain two Mo-and S-edges of the same type, with the respective S-coverages denoted by θ S (Mo) and θ S (S). not as pronounced as between θ S (Mo) = 0 % and θ S (Mo) = 50 %. This estimation is qualitatively consistent with the computational results presented by Byskov et al. 37 , which demonstrate that the coordinatively unsaturated Mo-atoms in the Mo-0 configuration are thermodynamically very unfavorable, while increasing the coverage to 50 % or 100 % allows the edge Mo-atoms to reach full six-fold coordination and hence higher stability. The comparable stability of the Mo-50 edge with the Mo-100 edge can be understood in terms of significant reconstruction (shift of S-atoms by half a lattice constant), which allows the six-fold S-coordination also on the half-saturated Mo-edge. Experimental support for these claims have been provided by Hansen et al. 62 by means of high-resolution scanning transmission electron microscopy. Furthermore, the clearer differences in the relative stability of S-edges throughout the studied θ S regime is due to the S-100 configuration being the only edge with optimally coordinated Moatoms. Thus, decreasing the S-coverage on the S-edge instantly yields coordinatively unsaturated Mo-atoms, as no similar reconstruction as seen for Mo-50 occurs, which would maintain the six-fold coordination of Mo at the edge. Similar conclusions have been drawn by Bollinger et al. 38 . More rigorous stability estimations with the inclusion of the effects of the sulfur chemical potential (µ S ) have been conducted by Schweiger et al. 60 . When the limit of low µ S , relevant at the sulfiding conditions during synthesis, is considered, the qualitative conclusion of their studies regarding the relative stabilities of the different 2H-MoS 2 edges is the same as presented herein. Thus, our 0 K stability assessment can be considered suitable as a first approximation.
Sulfur-deficient basal plane 3.2.1 Adsorption studies
The activating effect of inducing S-vacancies in the 2H-MoS 2 basal plane has been studied by Li et al. 18 as well as Ouyang et al. 33 . We have investigated this further by inducing both singleatom vacancies (V S ) and divacancies (V S 2 ) to a pristine bilayer 2H-MoS 2 basal plane (Mo 72 S 144 ), and employing H-adsorption calculations as a function of θ H . Initially, hydrogen is adsorbed into the vacant sites, which after complete occupation is followed by adsorption to adjacent top-sites. The obtained ∆G H -trends are presented in Figure 9 .
Compared to the ∆G H -values obtained for adsorption onto the pristine 2H-MoS 2 basal plane (∆G H ≈ 2.0 eV), the adsorption energetics is significantly improved as a result of inducing vacancies. However, the most prominent improvement applies only for adsorption to the actual vacancy-sites (∆G H ≈ −0.2 eV . . . 0 eV), while adsorption to adjacent top-sites is only slightly improved (∆G H ≈ 1.2 eV . . . 1.8 eV). Thus, inducing vacancies tunes the electronic structure of the basal plane mainly locally, and to achieve comprehensive activation a large concentration of vacancies is therefore needed. This is problematic, as an increasing amount of vacancies can be expected to result in destabilized configurations, as will be seen in the following subsection. The thermoneutral adsorption free energies of adsorption to monovacancies and the locality of the activating effect is in seamless agreement with the results of Li et al. 18 , who ascribed the improved activity to result from the formation of localized gap-states in close proximity to the Fermi level of the material. According to the presented data, a larger δ S results in slightly higher activation, i.e. strengthened adsorption, at sites adjacent to the vacancies (differences are ∼ 0.1 eV). Additionally, it is noted that basal planes with divacancies yield slightly stronger adsorption than corresponding systems with monovacancies when hydrogen adsorbs to vacant sites (∆∆G H ≈ 0.1 . . . 0.2 eV). On the other hand when adsorption occurs to adjacent top-sites, no as clear differences between mono-and divacancy containing systems can be observed, especially in the case of the systems with δ S = 11.1 % and 16.7 %. Interestingly, for δ S = 5.6 % a reversal of the trend is seen, where in fact ontop adsorption on the monovacancy containing basal plane yields slightly lower ∆G H -values than the corresponding system with divacancies. The observed slightly stronger adsorption to divacant sites compared to monovacancies is in accordance with the findings of Ouyang et al. 33 , who report a strengthening of 0.12 eV in the H-adsorption between these configurations.
Similarly as for adsorption on edge-configurations, ∆G H is seen to increase with an increasing θ H upon adsorption to adjacent topsites. As negligible surface-reconstruction was observed for these S-deficient systems upon vacancy inducing and H-adsorption, the weakened adsorption can be expected to result mainly from the repulsive adsorbent interactions induced by an increased crowding of the surface. However, at low θ H (adsorption to vacancies) the adsorption is seen to strengthen slightly as the occupation of the vacancies increases. This can be understood by a stabilization of the energetically unfavorable hollow sites with undercoordinated Mo-atoms.
Formation energy
The energetics of vacancy-formation has been estimated in accordance with Equation 2, and the results are shown tabulated in Table 2 . Not surprisingly, it is seen that inducing vacancies requires a net input of energy, hence demonstrating their thermodynamical unfavorability compared to the pristine basal plane. Table 2 Relative energy-cost per formed vacancy (V S or V S2 ) for the studied S-deficient systems. Again, the pristine 2H-MoS 2 basal plane configuration is used as the reference system. The vacancy formation energies are observed to be very high, thus indicating that their intrinsic thermal formation is unlikely. Hence, vacancies in the 2H-MoS 2 basal plane are metastable in nature and have to be induced by external means, e.g. argon plasma sputtering 18 . Interestingly, our results suggest that if few vacancies are formed at the surface (δ S ≤ 16.7 %), they tend to form rather pairs (that is, divacancies) than stay farther from each other as two isolated monovacancies, i.e. ∆E f (V S 2 ) < 2 · ∆E f (V S ). Even though the differences are rather small (−0.06 eV, −0.10 eV and −0.04 eV), already the observation that the energetic cost of forming divacancies is approximately equal to forming monovacancies can intuitively be regarded as rather surprising. Nevertheless, this behavior is in line with results reported by Le et al. 63 as well as Sensoy et al. 64 . In the latter work it is shown that the defect-induced lattice reorganization in the 2H-MoS 2 basal plane is very small and local, and that the interaction between isolated monovacancies is negligible. Basing their conclusions on nudged elastic band (NEB) calculations showing very high monovacancy r n a l N a me , [ y e a r ] , [ v o l . ] , 1-11 | 7 diffusion barriers (∼ 2.2 eV), it is argued that the pairing of vacancies is unlikely, even though this might result in slightly lowered energies. Furthermore, the formation energies of neutral monovacancies and divacancies are determined to be approximately 2.6 eV and 5.2 eV, in excellent agreement with our calculations. The formation of monovacancies in the basal plane of MoS 2 has been estimated also by Byskov et al. 37 using a similar methodology, and a value of approximately 2.3 eV is reported, which is in moderate agreement with the results presented herein.
Feng et al. 65 and Komsa and Krasheninnikov 66 have carried out computations on the monovacancy formation on 2H-MoS 2 basal planes with the inclusion of the sulfur chemical potential. In the S-rich limit (small µ S ) it is demonstrated that the formation energy of monovacancies ranges between approximately 2.5 eV and 3.0 eV, depending on the position of the MoS 2 Fermi level. Thus, it is concluded that our estimation neglecting the chemical potential is reasonable as a first order approximation also in the case of S-deficient basal planes.
Discussion
The main result of the presented research is that the hydrogen adsorption characteristics on the studied 2H-MoS 2 surfaces are far from uniform. Indeed, significant variations and sitespecificity are observed as a function of edge sulfur saturation and hydrogen coverage for both vertically aligned multilayer edgeconfigurations as well as vacancy containing basal planes. Most notably, the complex structural response of the systems upon Hadsorption efficiently demonstrate the dynamic nature of a real catalyst, indicating that the surface geometry of the material is most likely significantly perturbed from the equilibrium structure during operating conditions in electrochemical devices. This is seen to be especially true for those studied systems containing terminal S 2 -dimers, which split as a result of H-adsorption. The detailed structural reconstruction is observed to be intimately linked with the predicted activity of the material, particularly that minor reorganization induced by H-adsorption results in incrementally weakened adsorption, while major perturbations are coupled to an apparent activation of the material. In the future, the Hcoverage analysis should be extended to fully relaxed structures, which would capture the non-local, long-range phenomena that can affect the reconstruction and the ensuing adsorption energies.
It is interesting to consider the effects of hydrogen coadsorption, by which is meant the simultaneous or subsequent adsorption of hydrogen to sites of different type on the same surface, on the energetics. For example, it is plausible that the adsorption of hydrogen to a certain site alters the electronic structure of the material in a way that results in the activation of some other nearby site. Similar behavior is indeed observed in the present study for hydrogen adsorption to edge sites of the same type (single-site adsorption). For example, adsorption to top-sites on Mo-0 and S-100 edges results in activation via arising repulsive and straining forces, which weaken the adsorption of subsequent species. The thermoneutral limit is seen to be reached at half and full coverage for S-100 and Mo-0 edges, respectively, at which point the configurations may be considered activated and operational for HER catalysis. On the other hand, activation via strengthened adsorption is observed for top-site adsorption on S-75 and Mo-100 edges. In this case initial adsorption of hydrogen induces significant surface restructuring, which perturbs nearby sites such that subsequently adsorbed hydrogens are bound more strongly with ∆G H -values closer to the thermoneutral limit.
On this basis it can be suggested that also co-adsorption may have significant activating effects. This phenomenon is well known to exist for platinum, where underpotential-and overpotential deposited hydrogen intermediates (H upd , H opd ) have been identified 67, 68 . The species have been proposed to occupy different sites on the Pt-surface, and that the interaction between them plays a key role in determining the HER kinetics. In particular, H upd , which is suggested to bind strongly to hollow sites, alters the adsorption energy of H opd -species, which are considered to adsorb to top-sites, via repulsive interactions. This results in a significant activation of the overpotential deposited hydrogen, which hence serves as the reactive intermediate of the HER on Pt (cf. single-site adsorption results for Mo-0/top and S-100/top). The investigation of co-adsorption on 2H-MoS 2 is an interesting topic to consider in future research.
In general, our results underline that the development of effective MoS 2 -based HER-catalysts requires not only an optimization of the relative edge-to-bulk ratio, but also a detailed engineering of the degree of S-saturation, so as to achieve systems in which the most active edge types and terminations are comprehensively exposed. A naturally arising question in relation to this is of course whether such a detailed tailoring of the catalyst is possible in reality. Lauritsen et al. 56 have demonstrated that the degree of S-saturation is highly dependent on the size of the synthesized MoS 2 clusters. Also, the morphology of the clusters has been shown to be very sensitive to changes in the conditions applied during synthesis (µ S ) 60, 69 . This has direct implications on the Mo-to-S edge ratio, and thus on the resulting activity of the material. As such, it is seen that by controlling the size distribution of synthesized 2H-MoS 2 clusters, as well as optimally tuning the processing conditions, the structural and therefore catalytical properties of the material can be accurately tuned. This implies that the degree of structural tailoring proposed herein to be necessary for the rigorous optimization of MoS 2 is experimentally manageable.
Furthermore, the introduction of S-vacancies into the 2H-MoS 2 basal plane for comprehensive activation of the material as a whole has been shown to be achievable by e.g. Ar-plasma treatment, with subsequent electrochemical measurements of the as prepared catalyst yielding results qualitatively in line with computational predictions 18 . However, even though adsorption to vacant sites exhibits thermoneutral characteristics comparable, or even superior, to Pt, the electrochemical measurements show that cathodic polarization has to be conducted to substantially higher overpotentials to reach similar HER current densities, i.e. reaction kinetics, as for Pt (10 mA cm −2 at −250 mV and −59 mV for vacancy-containing MoS 2 and Pt, respectively). This is a commonly observed result for other modeled catalysts as well (e.g. results presented in 11, 17, 19, 20 for other pristine and modified MoS 2 -based systems).
The encountered discrepancies 11,17-20 between theory and ex-periments demonstrate the drawbacks of using ∆G H as a sole descriptor in the modeling of novel HER electrocatalysts, as the overall process is clearly very complex and dependent on several other parameters than just H-adsorption. Nevertheless, if a fast screening of materials properties is desired, the descriptor based approach serves as to give directive results, aiding e.g. in narrowing down a set of potential catalysts to a few most promising ones, for which more accurate calculations/experiments can then be conducted. Additionally, if fast screening of several systems is to be conducted with concurrent consideration of additional parameters, such as the hydrogen coverage and/or site specificity as in this study, further coarse-graining to decrease the degrees of freedom is necessary for a systematical treatise. As reasoned previously, the approach chosen here comes with some artefacts, as the applied constraints yield absolute adsorption energies somewhat higher than obtained in similar measurements performed by others 20, 39 . Nevertheless, this method enables the precise probing of individual adsorption sites as a function of H-coverage and yields qualitatively correct trends, as the same constraints are consistently employed in all calculations.
Conclusions
In the present work we have employed DFT-calculations to systematically and comprehensively study the atomistic details of hydrogen adsorption on various 2H-MoS 2 surfaces. The adsorption characteristics have been resolved as a function of hydrogen coverage, degree of sulfur saturation at the studied surface, as well as the potential adsorption sites. The activity of the studied configurations has been assessed on the basis of the ∆G H -descriptor and the Sabatier principle. Additionally, the relative stabilities of the systems have been estimated by calculating the corresponding energies of formation. The hydrogen adsorption on 2H-MoS 2 edges is shown to be heavily dependent on the edge-type, and particularly on the degree of sulfur coverage as well as on the adsorption site to which adsorption occurs. In general, a weakening of the adsorption strength is observed with increasing H-coverage, well in line with previous findings. However, certain systems involving terminal S 2 -dimers at the edges exhibit the opposite trend, with significant adsorption induced activation occurring coupled with major surface reconstructions (splitting of the S 2 -dimers). Further, inducing sulfur vacancies in the otherwise inert 2H-MoS 2 basal plane is observed to remarkably improve the adsorption, which successfully corroborates previous studies. However, the activating effect is seen to be exclusive to the vacant S-sites, as adsorption to adjacent top-sites is negligibly affected compared to the pristine surface.
The performed calculations effectively demonstrate the complex and rich structure-property relationships of H-adsorption on 2H-MoS 2 . Based on the results it can be concluded that detailed reconstructions of the atomic and electronic structure upon Hadsorption and vacancy-inducing are important phenomena that determine the dynamic catalytic behavior of MoS 2 in its various configurations. As the atomistic picture of the activity and stability of the studied material is highly dependent on a multitude of interrelated variable parameters, determined by e.g. the synthesis environment and the working conditions, MoS 2 constitutes an ideal case for machine learning methods. In upcoming research we will utilize the herein generated data on 2H-MoS 2 , as well as results obtained in parallel to this study for transition metal doped configurations, for the training of predictive algorithms by which the screening of novel HER-electrocatalysts could potentially be made significantly faster. We will also proceed to extend the obtained results with more detailed reaction calculations involving explicit modeling of the solvent, as well as expand the consideration to encompass other materials families, such as transition metal phosphides, and other electrochemical reactions relevant in energy conversion and storage.
